One of the possible ways to maintain the micrometer spatial resolution while performing ion beam analysis in the air is to increase the energy of ions. In order to explore capabilities and limitations of this approach, we have tested a range of proton beam energies (2 -6 MeV) using in-air STIM (Scanning Ion Transmission Microscopy) setup. Measurements of the spatial resolution dependence on proton energy have been compared with SRIM simulation and modelling of proton multiple scattering by different approaches. Results were used to select experimental conditions in which 1 micrometer spatial resolution could be obtained.
Introduction
"In-air microbeam" or "external microbeam" refers to the ion microbeam of the MeV energy range extracted into the atmosphere. This can be performed either through a thin exit foil or a collimator. In order to reduce influence of the ion beam scattering and x-ray absorption, helium gas is often introduced into the volume between the exit foil and the sample. Collimating the ion beam to micrometer size by means of differentially pumped capillary or aperture provides another and cheap alternative to ion beam focusing using quadrupole multiplets [1] [2] [3] [4] . Some authors used also thin exit foil for extraction of collimated ion beam into the atmosphere [5] [6] . Disadvantage of collimated beam setup is necessity to scan the sample instead of a more versatile solution using the beam scanning. Another disadvantage could be also the small angle scattering of ions within the collimator [7] resulting in certain fraction of ions being non-monoenergetic [3] .
The most of in-air microbeam configurations are therefore based on direct extraction of previously focused ion microbeam into the atmosphere through a thin exit foil. Protons in the energy range between 2.4 to 5 MeV are mainly used [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] . Since the influence of ion microbeam lateral spread on in-air microbeam spot size decreases with the decrease of working distance (distance between the exit foil and sample), samples are often placed on the exit foil itself [8] [9] [10] [11] .
Many authors reported experimental measurements and/or modelling of the beam spot size degradation as a function of working distance for different exit foil materials and its thicknesses. Reported working distances were from 100 µm to several mm [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] . T. Tadić et al. [12] estimated 96 µm in-air microbeam resolution for focused 4 MeV proton beam and a 50 µm thick polyimide foil, while the sample was placed in air, less than 100 µm from the exit foil. G.W. Grime et al. [14] MeV/u, achieving 2 µm beam spot on 100 µm distance from the foil.
From the above discussion it is evident that the best in-air microbeam spatial resolution could be obtained with Si 3 N 4 exit foil. It can be also concluded that only few facilities are working with beam spot sizes below 10 µm. As there are many application possibilities that require much better spatial resolution (e.g. ∼ 1 µm), the main objective of this work is to explore possibilities to obtain micrometer spatial resolution. Quite obvious way to obtain better spatial resolution is the use of higher proton beam energy, but this would not always be the best choice, having in mind peculiarities of various ion beam analysis techniques and the vide range of possible applications.
Experimental
In order to introduce in-air microprobe possibility at the Ruđer Bošković Institute (RBI) microprobe facility, a nozzle with a microbeam exit foil has been added at the beam out flange of the spherical vacuum chamber [24] . As it is shown on Figure 1 , sample for STIM or IBIC measurements is mounted on the miniature xyz goniometer stage. Owing to the fact that working distance of the RBI heavy ion microprobe is only 110 mm, while the distance from the center to the face of the exit flange is 160 mm, it has been possible to construct a beam exit nozzle with an exit foil placed at the 290 mm distance from the last quadrupole.
Unfortunately such a large distance cannot be used to obtain high spatial resolution for In order to be able to predict the behaviour of in-air microbeam as a function of proton energy, modelling of the process has been performed as well. The microbeam spatial resolution degradation was simulated as a function of exit foil material and beam path length in air by two approaches. The first conventional approach is using SRIM [26] 
Results and discussion
Experimental results are presented at Figure 2 Simulations did not take into account possible microbeam divergence that could also influence degradation of the ion beam focus. In fact, the STIM setup being used in this work had very low beam divergence and therefore did not influence the results presented. In a high current mode, that has generally much higher beam divergence, this has to be taken into account as well. Contribution of beam divergence is generally independent on ion energy and therefore for higher proton energies it may have a larger effect on in-air microbeam resolution than the ion beam lateral spread. Therefore, for the high divergence microbeams, sample has to be positioned in the microbeam focal plane as close as possible. For example at the RBI microprobe setup operating in a high current mode, the ion beam waist within the last of the focusing quadrupoles is ∼1 mm. For the microbeam working distance of 300 mm, the ion beam convergence angle at focal plane equals to 3.3 mrad, which results in the microbeam spot spread of ∼3 µm at distance of 1 mm after the focus position.
Considering that multiple scattering modelling and to a certain extent SRIM simulation could give reliable prediction of the beam broadening, we have calculated influence of the exit foil and of the air path for several typical experimental conditions. Although it is shown before that SRIM underestimates beam broadening, data shown in Table 1 suggest that submicrometer spatial resolution in the air could be obtained for proton energies above 6
MeV, for Si 3 N 4 exit foil and less than 0.5 mm working distance. The simulation was also performed for the diamond membrane exit foil, due to its possible application as a trigger for single ion irradiation [25] . In this case, proton beam broadening for energies above 6 MeV has been estimated to below 5 µm which may be useful for certain applications.
In order to demonstrate applicability of higher energy (>6 MeV) proton microbeams, we present here IBIC measurements performed on silicon power diode with a complex guard ring structure at its edges. In vacuum and in air measurements were performed and results are shown in Figure 3 . This example shows capability to image complex detector structures with different responses coming from different regions of the exposed sample. Such conditions are typical for semiconductor detectors used in high-energy physics which are generally embedded into the complex structure that in addition to the detector diode itself, consists of several other layers placed on top of each other. These include readout electronics above the detector, network of connecting lines and different layers of insulators. Only higher energy protons (6 MeV has penetration depth in silicon of about 500 um) can penetrate subsequent layers above the detector in order to obtain the measurable IBIC signal. In addition, such detectors could be tested only outside the scattering chamber due to their large size.
Conclusions
By performing measurements that are confirmed by simulations, we have shown that an in-air Ion Beam Analysis setup with capability to reach 1 µm spot size could be designed if the higher energy protons (more than 6 MeV) are used along with a small (less than 0.5 mm) distance between the sample and the microprobe exit foil. This is in particular useful for the low current techniques such as STIM and IBIC. Modelling of small angle multiple scattering performed in this work showed acceptable agreement with an experiment, which allows us to assume that 1 µm spatial resolution could be obtained in certain cases using proton beam energy above 6 MeV. Although not discussed in this work, the use of helium atmosphere could improve the microbeam spatial resolution even more and allow use of even longer distances between the exit foil and the sample. 
